Brief Introduction to Influenza A Viruses {#Sec1}
=========================================

Influenza is a zoonotic viral disease that represents a health and economic threat to both human and animals worldwide. Influenza A viruses are the most studied of the *Orthomyxoviridae* since they can infect a large variety of birds and mammals including humans, pigs, horses, domestic poultry, marine mammals, cats, dogs and wild carnivores (Webster [@CR74]; Thiry [@CR64]). Wild aquatic birds were shown to be an asymptomatic reservoir for most subtypes of influenza A viruses (Scholtissek [@CR52]; Fouchier et al. [@CR13]). Moreover, influenza A virus ecology is intricate due to the high number of possible reassortment events and cross-species jumps that lead to their evolution (Webster et al. [@CR75]). The hemagglutinin (HA) and the neuraminidase (NA) proteins encoded by gene segments 4 and 6, respectively, play a key role in the influenza life cycle and represent the primary targets of the host humoral immune response (Skehel and Wiley [@CR59]). The HA protein is the most important determinant of virulence and host specificity as it binds to sialic acid-containing cell surface receptors on host epithelial cells (Shinya et al. [@CR55]; Nicholls et al. [@CR39]; Ayora-Talavera et al. [@CR2]; de Wit et al. [@CR11]). The HA mediates virus binding to *N*-acetylneuraminic acid-2,3-galactose (2,3-sialic acid) or *N*-acetylneuraminic acid-2,6-galactose (2,6-sialic acid) terminal residues on sialyloligosaccharides for avian and mammalian virus primary binding predilection, respectively (Rogers and Paulson [@CR50]). However, receptor binding restriction has been shown to be more complicated than previously understood, with tissues from human, swine and Japanese quail expressing both 2,3- and 2,6-sialic acid receptor types (Ito et al. [@CR19]; Suzuki et al. [@CR63]; Shinya et al. [@CR55]; Wan and Perez [@CR70]). Additionally, glycan array analysis has demonstrated that avian and mammalian adapted flu viruses can have binding spillover to the opposing receptor linkage type and that different strains bind preferentially to novel structures (such as sulphated and sialylated glycans) (Stevens et al. [@CR62]). The NA is responsible for cleaving terminal sialic acid residues from carbohydrate moieties on the surfaces of the host cell and virus (Gottschalk [@CR15]), thus assisting in virus cell entry by mucus degradation (Matrosovich et al. [@CR37]) and the release and spread of progeny virions (Palese et al. [@CR44]). The remaining six segments encode for the following structural and accessory proteins: PB2 (segment 1), PB1 (segment 2), PA (segment 3), NP (segment 5), M1 and M2 (segment 7), NS1 and NEP (segment 8) (Lamb and Krug [@CR27]). Both HA and NA genes undergo two types of variation called antigenic drift and antigenic shift. Antigenic drift involves minor changes in the HA and NA due to polymerase errors during replication, whereas antigenic shift involves major changes in these molecules resulting from replacement of the entire gene segment as a consequence of reassortment events in the event that two (or more) unique viruses infect the same cell (Webster [@CR73]). Based upon the major differences within the HA and NA proteins, 16 HA and 9 NA subtypes, naturally paired in different combinations, have been identified thus far (Webster et al. [@CR75]; Rohm et al. [@CR51]; Fouchier et al. [@CR13]). Only a limited number of subtypes have been established in mammals. For example, only viruses of H1, H2, H3, N1 and N2 subtypes have circulated widely in the human population (Webster et al. [@CR75]; Alexander and Brown [@CR1]) and only H1, H3, N1 and N2 subtypes have been consistently isolated from pigs (Webster et al. [@CR75]; Olsen [@CR41]).

Influenza A Virus in Pigs {#Sec2}
=========================

First Detection in the United States {#Sec3}
------------------------------------

Swine influenza was first recognized in pigs in the Midwestern U.S. in 1918 (Fig. [1](#Fig1){ref-type="fig"}) as a respiratory disease that coincided with the human pandemic known as the Spanish flu (Koen [@CR26]). Since then, it has become an important disease to the swine industry throughout the world. The first influenza virus was isolated in 1930 by Shope (1931) and was demonstrated to cause respiratory disease in swine that was similar to human influenza. This strain was subsequently recognized as an H1N1 influenza virus, and swine were utilized in the following years as a model to study influenza pathogenesis in a natural host.Fig. 1Epidemiology and genetic composition of influenza viruses from U.S. and Canadian pigs. Swine virus lineage is color coded*pink*, avian lineage is coded*green*, human lineage is coded*blue* or*purple*. The chronology of transmission events leading to reassortant viruses with genes from swine, human and avian influenza virus lineages is visualized by the*vertical arrow*. The "Spanish flu" virus was transmitted from avian/human origin to pigs and evolved into the cH1N1, as indicated by the transition in color of pigs from*blue* to*light blue* to*red* to*pink*. The human and avian images to the left of the *vertical timeline* represent the species origin of viral gene segments donated to give rise to the swine influenza virus reassortants listed on the right side of the*vertical timeline*.*Time line* is not drawn to scale. Each viral subtype is represented with its eight gene segment arrangement. The triple reassortant H3N2 reassorted with the cH1N1 to produce rH1N1 and H1N2 subtypes with the triple reassortant internal gene (TRIG) cassette. Further reassortment events with two independent human H1 subtype viruses led to the δ1 H1N2 and δ2 H1N1. The source of the reassortment event producing the combination of gene segments in the 2009 pandemic H1N1 prior to its emergence in human and subsequent transmission from humans to pigs in 2009 is currently unknown.*Light green* indicates the Eurasian avian/swine lineage. The*gray* highlighted area illustrates the currently circulating influenza A subtypes in Canadian and American pigs

Introduction of the Triple Reassortant H3N2 in Pigs {#Sec4}
---------------------------------------------------

Among the RNA viruses affecting mammals, influenza viruses and coronaviruses represent, as a consequence of different molecular mechanisms, two of the best examples of viruses with exceptionally plastic genomes. Thus, we should not be surprised that the high mutation and reassortment rates have propelled the evolution of influenza viruses in pigs in recent years. However, from the first characterization of swine influenza virus until the late 1990s, the classical swine lineage H1N1 (cH1N1) was relatively stable at the genetic and antigenic levels in U.S. swine. Based on phylogenetic analysis, the cH1N1 lineage is closely related to the 1918 H1N1 Spanish flu virus (Easterday and van Reeth [@CR12]) and other human influenza viruses isolated in the 1930s following the discovery of SIV. Although the cH1N1 was the predominant subtype causing disease in pigs until the late 1990s, there was serological evidence that human subtype H3 influenza viruses were circulating at a low frequency in U.S. pigs, but failed to establish a lineage with sustained transmission among swine (Chambers et al. [@CR7]).

The epidemiology of influenza in pigs dramatically changed after the events of 1997--1998 (Fig. [1](#Fig1){ref-type="fig"}). In 1998, a severe influenza-like disease was observed in pigs in North Carolina with additional outbreaks in swine herds in Minnesota, Iowa and Texas. The causative agents for these outbreaks were identified as influenza A viruses of the H3N2 subtype. Genetic analysis of these H3N2 viruses showed that at least two different genotypes were present. The initial North Carolina isolate was a double reassortant and contained gene segments similar to those of the classical swine lineage (PB2, PA, NP, M, NS) combined with gene segments from a human seasonal H3N2 influenza virus circulating in 1995 (PB1, HA, NA). The isolates from Minnesota, Iowa and Texas were triple reassortants containing gene segments from the classical swine virus (NP, M, NS,) and the same human virus (PB1, HA, NA) in combination with an avian virus (PB2, PA) (Zhou et al. [@CR80]). By the end of 1999, viruses antigenically and genetically related to the triple reassortant lineage were widespread in the U.S. swine population (Webby et al. [@CR71]) whereas the double reassortant virus did not become established. Interestingly, the double and triple reassortant H3N2 viruses were shown to possess a similar HA encoding gene with identical residues in critical receptor binding regions, suggesting that their different successes were due to factors not associated with the HA and receptor binding pocket. The major difference between the two viruses was the acquisition of two avian polymerase genes (PB2 and PA) in the triple reassortant virus. The human lineage PB1, avian lineage PB2 and PA and swine lineage NP, M and NS found in contemporary swine influenza viruses are referred to as the triple reassortant internal gene (TRIG) constellation (Vincent et al. [@CR66]). Genetic and antigenic evaluation of H3N2 swine influenza isolates since 1998 (Richt et al. [@CR49]; Webby et al. [@CR72]) indicate at least three introductions of human H3 subtype viruses became established in swine, leading to phylogenetic clusters I, II and III. The cluster III viruses have become dominant in North America (Gramer et al. [@CR16]) and have continued to evolve into cluster III variants, also known as cluster IV (Olsen et al. [@CR43]).

The H3N2 viruses not only evolved and became endemic in pigs but also reassorted with extant cH1N1 swine influenza viruses. The vast majority of the resulting reassortant and drift variant viruses since 1998 contain the TRIG. The H1N1 viruses containing the HA and NA from the cH1N1 virus and the TRIG from triple reassortant H3N2 viruses are referred as reassortant H1N1 (rH1N1) and the viruses containing the HA from the classical swine virus and the NA and TRIG from the triple reassortant H3N2 virus are H1N2 viruses (Karasin et al. [@CR24]; Webby et al. [@CR72]) (Fig. [1](#Fig1){ref-type="fig"}). Reassortant viruses have become endemic and co-circulate in most major swine producing regions of the U.S. and Canada, including further drift variants of H3N2 (Webby et al. [@CR71],[@CR71]; Richt et al. [@CR49]; Olsen et al. [@CR43]), H1N2 (Choi et al. [@CR8]; Karasin et al. [@CR24]), and rH1N1 (Webby et al. [@CR72]). H3N1 viruses have occasionally been identified in limited outbreaks but do not appear to circulate widely (Lekcharoensuk et al. [@CR30]; Ma et al. [@CR33]). Moreover, the TRIG was shown to have accepted an avian lineage H2 and N3, producing a novel triple reassortant swine H2N3 in 2006 (Ma et al. [@CR34]). More recently, introduction of H1 viruses with the HA gene of human H1N2 seasonal influenza virus origin (hu-like H1) that are genetically and antigenically distinct from the classical swine H1 lineage were reported in pigs in Canada (Karasin et al. [@CR25]) (Fig. [1](#Fig1){ref-type="fig"}). Since 2005, hu-like H1N1 and H1N2 viruses containing the TRIG have emerged in swine herds across the U.S. (Vincent et al. [@CR68]) that have HA and NA segments most similar to H1N1 and H1N2 human seasonal influenza virus lineages from around 2003.

Evolution of the H1 Subtype {#Sec5}
---------------------------

The well characterized contemporary swine influenza reassortant viruses possessing the ability to spread and become established in U.S. and Canadian swine populations have contained similar TRIG constellations. This would suggest that the TRIG constellation can accept multiple HA and NA types and may confer a selective advantage to viruses possessing this gene cassette (Bastien et al. [@CR3]; Vijaykrishna et al. [@CR65]). Moreover, since the acquisition of TRIG, an increase in the rate of mutation in North American swine influenza isolates appears to have occurred in H1 subtype hemagglutinins. Genetic mutation may be related to antigenic changes if mutations occur in antigenic sites of the HA, potentially resulting in escape from herd immunity. This scenario is in stark contrast with that observed with the cH1N1 viruses prior to acquiring TRIG. Indeed, cH1N1 viruses remained relatively stable genetically and antigenically for at least seven decades (Sheerar et al. [@CR53]; Luoh et al. [@CR32]; Noble et al. [@CR40]; Olsen et al. [@CR42]).

For best representing the evolution of the currently circulating H1 viruses, a cluster classification has been proposed (Fig. [2a](#Fig2){ref-type="fig"}). Viruses from the classical H1N1 lineage-HA acquired from the TRIG cassette evolved to form α-, β-, and γ-clusters based on the genetic makeup of the HA gene; whereas H1 subtypes strains with HA genes most similar to human seasonal H1 viruses form the δ-cluster (Vincent et al. [@CR68]). All four HA gene cluster types can be found with NA genes of either the N1 or N2 subtype. In order to study the evolution and the antigenic relationships among the H1 swine influenza virus subtypes, we recently analyzed 12 different strains, selected from the University of Minnesota Veterinary Diagnostic Laboratory (UMVDL) diagnostic case database (Lorusso et al. [@CR82]). The viruses were isolated from outbreaks of respiratory disease in pigs from diagnostic cases submitted to the UMVDL in 2008 and are representative of each of the postulated four H1 clusters. All gene segments were sequenced and analyzed, and antigenic changes were measured for all twelve viruses using the hemagglutination inhibition (HI) assay and mapped by antigenic cartography. All 2008 H1 viruses contained the North American TRIG. Furthermore, variation was demonstrated in the six genes that make up the TRIG, but no HA cluster-specific patterns were detected among the genes composing the TRIG constellation. In contrast, an HA cluster-specific pattern was observed for the NA gene. The N1 gene of the α, β and γ cluster of the 2008 H1 viruses and of sequences publicly available each formed a separate clade within the North American N1 cluster. We speculate that the evolution of the H1 gene drives that of the N1 gene as well. Indeed, antigenic drifts that characterize the evolutionary history of the antigenic and phylogenetic clusters of H1 influenza virus in U.S. swine isolates were accompanied by changes in the N1 genes, thus allowing a parallel sub-cluster classification (Fig. [2b](#Fig2){ref-type="fig"}). A proper HA/NA pairing in association with the TRIG could optimize viral transmission and replication as shown by recent experiments in pigs. Indeed, experimental coinfection in the lower respiratory tract of inoculated pigs with two phylogenetically and genetically distant viruses, a triple reassortant H3N2 and cH1N1, resulted in the genesis, of all possible HA/NA combinations but only the parental H3N2 was found in two consecutive direct contact pig groups (Ma et al. [@CR35]). These results confirm that multiple reassortments can occur but not all reassortants are readily transmissible.Fig. 2Neighbor-joining trees inferred from multiple nucleotide sequence alignment of segment 4 (HA, **a**) and segment 6 (NA, 2**b**). **a** shows four H1 clusters of viruses, H1α, H1β, H1γ and H1δ (human-like H1) as indicated by the bars on the right of the tree. In both trees, the HA cluster specificity is indicated. The genomic constellation of each clade is indicated by the images on the right side of the tree. Classical swine lineage is color coded pink, avian lineage is coded green, human lineage is coded blue or purple. Light green indicates the Eurasian avian/swine lineage. Classical swine lineage-HA gene (**a**) was acquired by the TRIG cassette and evolved overtime to form α-, β- and γ- clusters. The introduction of human seasonal HA from H1N2 and H1N1 gave rise to δ cluster viruses differentiated phylogenetically by two distinct sub-clusters, δ1 and δ2 (**a**). Similar to the δ-cluster viruses in the HA phylogenetic analysis, β-viruses have split into two sub-clusters (**b**). Phylogenetic analyzes were conducted in MEGA4. Statistical support was provided by bootstrapping over 1,000 replicates and bootstrap values \>70 are indicated at the correspondent node. The scale bars indicate the estimated numbers of nucleotide substitutions per site. human (*Hu*), swine (*Sw*)

The viruses representing the classical swine H1 lineage, phylogenetic clusters α, β and γ, had moderate to strong cross-reactivity within a cluster, especially within recent β- and γ-cluster viruses. However, cross-reactivity between clusters was more variable, ranging from no cross-reactivity to strong cross-reactivity, such as between α- and β-cluster viruses. This study suggested that the H1 is evolving by drift while maintaining the TRIG backbone, and that the resulting viruses differ genetically and antigenically with obvious consequences for vaccine and diagnostic test development. In 2008 and 2009, α cluster H1 viruses were rarely isolated from influenza outbreaks in pigs in North America, and while β cluster H1 viruses are still common, they occur with less frequency than the more dominant subtypes from the the γ and δ viruses. Since the acquisition of TRIG, the H1 of the classical swine lineage, under apparent evolutionary pressure, has developed multiple amino acid changes in the putative antigenic sites. The γ viruses are chronologically the newest H1 variants and it cannot be ruled out that the same mechanisms will be responsible for further H1 cluster variants. The genetic diversity within the H1 clusters was confirmed functionally by the demonstrated loss in cross-reactivity in the HI assay between H1 clusters overall. It is likely that, as a consequence of evolutionary and immunogical pressures, the H1 will continue to mutate in the future, allowing evasion of the immune system of the host or only partially protective immunity.

Human-Like H1 Viruses {#Sec6}
---------------------

Since 2005, H1N1 and H1N2 viruses with the HA gene derived from human viruses have spread across the U.S. in swine herds forming the δ-cluster H1 (Vincent et al. [@CR68]) (Fig. [1](#Fig1){ref-type="fig"}). The HAs from the human-like (hu) swine H1 viruses are genetically and antigenically distinct from classical swine lineage and derivatives. Indeed the putative antigenic site in the HA1 of the hu-like viruses possesses typical human lineage residues in contrast to that found in the HA1 of the α-, β- and γ-clusters (Lorusso et al. [@CR82]). However, their TRIG genes are similar to those found in the TRIG cassette of the contemporary swine triple reassortant viruses (Vincent et al. [@CR68]). The HA from the δ-cluster viruses were shown to have most likely emerged from at least two separate introductions of human seasonal HA from H1N2 and H1N1 viruses being differentiated phylogenetically by two distinct sub-clusters, δ1 and δ2, respectively, (Lorusso et al. [@CR82]; Vincent et al. [@CR67]). Viruses belonging to the δ-cluster were shown to be paired either with a N1 or N2 gene consistently of human lineage and not of swine lineage N1. δ1-subcluster viruses, first detected in 2003, showed an N2 gene preference whereas δ2-subcluster viruses, first detected in 2005, showed an N1 preference (Fig. [2b](#Fig2){ref-type="fig"}) initially but have subsequently begun to reassort. Limited HI cross-reactivity was demonstrated between the δ1 and δ2 viruses thus supporting the scenario assumed by the phylogenetic analysis (Fig. [2a](#Fig2){ref-type="fig"}). The hu-H1 viruses have become one of the major subtypes of influenza virus isolated and characterized from swine respiratory disease outbreaks. Indeed, if we consider the time period 2008--2010, the incidence of hu-H1 in swine respiratory disease outbreaks has dramatically increased. In 2008, 85% of the influenza viruses isolated from swine diagnostic cases submitted to the UMVDL were shown to be of the H1 subtype. Most of the H1 isolates (up to 78%) were of the γ- and β-cluster with the γ-cluster viruses found in slightly higher numbers, whereas δ-cluster viruses represented approximately 20% of the total. However, in 2009 the epidemiologic scenario changed. While the influenza A viruses isolated were mostly H1 subtype (five-fold more than the H3 subtype), the number of δ viruses now represented 40% of the total, thus quickly becoming the dominant subtype isolated from cases of respiratory disease. β- and γ-cluster viruses were 35 and 23% of the total H1 clusters represented, respectively. The same trend was shown in the early months of 2010 as well, with a slight increase in the number of δ-cluster viruses compared to the γ-cluster viruses, cluster IV H3 subtype viruses, and the newly emerged 2009 pandemic H1N1. An experimental in vivo study in 4-week-old pigs with an H1N1 isolate of the δ2-subcluster demonstrated differences in kinetics of lung lesion development, viral load in the lung and nasal shedding when compared to a virulent rH1N1 in the β-cluster. This study suggested the emerging virus genotype may not have been fully adapted to the swine host since virus replication in the lung and virus shedding from the nose were reduced compared to a contemporary rH1N1 (Vincent et al. [@CR68]). A more recent pathogenesis and transmission study in pigs comparing viruses in the δ1- and δ2-subclusters recapitulated the phenotypic differences seen in the initial study; however, the δ1-subcluster virus studied demonstrated increased virulence and nasal shedding over the δ2-subcluster viruses (Ciacci-Zanella, unpublished). Further studies are warranted in order to monitor the evolution of δ-cluster viruses. The presence of typical "human-like" residues in the receptor binding pocket in the HA of two of the δ-cluster viruses isolated in 2008 demonstrates that although these viruses have replicated in pigs for over five years, the swine viruses may preserve human-adapted receptor binding phenotypes (Lorusso et al. [@CR82]). This preservation of human-like residues in the swine host may allow potential novel reassortant influenza viruses, including the δ-cluster swine viruses, to spill back into the human population. Escaping the immune response by changing the external makeup is a well-known strategy that influenza viruses adopt. The acquisition of human HA segments by the TRIG cassette platform were shown to be entirely different from those of the classical swine lineage and further drift derivatives provided an important antigenic advantage for these reassortant viruses. Indeed, the number of influenza outbreaks in which δ-cluster viruses were recognized as causative agents increased in the recent years. Moreover, geographical regions have differing cluster variants circulating, thus further complicating vaccine strain selection.

2009 Pandemic H1N1 in Pigs {#Sec7}
--------------------------

In the early spring of 2009, the United States, Canada and Mexico reported community outbreaks of pneumonia in humans caused by a novel H1N1 influenza A virus. This virus subsequently spread across the globe at a high rate, prompting the WHO to declare a pandemic in June 2009 (Garten et al. [@CR14]). Retrospectively, the earliest known case was identified February 24, 2009, in a baby from San Louis Potosi, Mexico (<http://news.sciencemag.org/scienceinsider/2009/07/yet-another-new.html>). This novel pandemic H1N1 possesses a unique genome with six gene segments (PB2, PB1, PA, HA, NP and NS) most closely related to the triple reassortant influenza viruses of the North American swine lineage, and the M and NA genes derived from a Eurasian lineage of swine influenza viruses (Dawood et al. [@CR10]). The 2009 pandemic influenza became infamously known as "swine flu" due to the phylogenetic origin of the gene segments. However, since the recognition of the outbreak, infection in humans has not been connected to pig exposure (Dawood et al. [@CR10]). Indeed, as it was believed to have occurred in 1918 (Webster [@CR74]), humans transmitted the novel virus to pigs, as most of the initial documented swine outbreaks were preceded by reported human influenza-like illness during the human pandemic (Cohen [@CR9]). The 2009 pandemic H1N1 was promptly shown to replicate efficiently in the lower and upper respiratory tract of infected pigs and to cause a clinical disease comparable to that typically observed during common, enzootic influenza virus infection in swine (Lange et al. [@CR28]; Vincent et al. [@CR67]). Early reference to the 2009 pandemic H1N1 as "swine flu" led to unnecessary alarm over the safety of pork meat products and culminated in the ban of exported pork from the U.S. by several countries, resulting in billions of dollars in lost revenue for the swine industry (<http://agriculture.house.gov/testimony/111/h102209/Butler.pdf>). However, contamination of fresh pork meat with the novel virus was experimentally excluded (Vincent et al. [@CR67]). Immediately after the onset in humans, cases of infection of pigs with the pandemic 2009 H1N1 were reported in different areas of the world (<http://www.oie.int/wahis/public.php?page=weekly_report_index&admin=0>). The first case was detected on April 28, 2009 in Canada (Leslieville, Alberta) in a farm with pigs that were not previously vaccinated against swine influenza (Howden et al. [@CR18]; Weingartl et al. 2010). The source of the outbreak was linked to a worker who showed symptoms of influenza-like disease (Howden et al. [@CR18]). Pigs infected with the 2009 pandemic H1N1 were first detected in the U.S. in a farm in Indiana in November 2009 (Lowe et al. [@CR31]). Based on recent data the 2009 H1N1 continued to spread from humans to susceptible pigs with subsequent sustained pig-to-pig transmission and, thus establishing yet another endemic virus in swine populations. Importantly, none of the eight genes of the 2009 pandemic H1N1 cluster tightly with the genes of swine influenza viruses circulating in the U.S. prior of the outbreak in humans (Lorusso et al. [@CR82]; Smith et al. [@CR60]). In the phylogenetic analyzes of each gene segment, the 2009 pandemic H1N1 formed a distinct and independent branch from the U.S. swine lineage genes of the 2008 H1 isolates evaluated as well as swine virus sequences available from GenBank. This suggests that neither the 2009 pandemic H1N1 nor closely related progenitor viral genes were present in U.S. swine influenza viruses prior to 2009 (Fig. [2a](#Fig2){ref-type="fig"}, Lorusso et al. [@CR82]). A closely related progenitor virus with the same 8-gene constellation has yet to be identified in swine or other species, although a 2004 swine virus with 7/8 of the 2009 pandemic H1N1 genome was identified in Hong Kong, China (Smith et al. [@CR60]).

The HA of the 2009 pandemic H1N1 is most closely related to the North American swine γ-cluster H1 lineage viruses (Fig. [2a](#Fig2){ref-type="fig"}). Limited serologic cross-reactivity was demonstrated in HI tests using two 2009 pandemic H1N1 human strains as antigens against sera from pigs immunized with 2007--2008 (notably γ-cluster) swine viruses (Vincent et al. [@CR69]). Thus, prior exposure to some H1 subtypes is likely to provide swine with some level of protection against infection with the 2009 human pandemic H1N1. This is also suggested by data from human epidemiological studies that showed high prevalence of neutralizing antibodies against 2009 pandemic H1N1 in people born before 1930 (Itoh et al. [@CR20]; Munster et al. [@CR38]). Moreover, immunization in mice with human H1N1 viruses that circulated before 1945 (e.g. specific antibodies against 1918 H1N1 or related viruses) is sufficient for immune protection from the 2009 pandemic H1N1 (Manicassamy et al. [@CR36]). Furthermore, 2009 pandemic H1N1 viruses cause sustained human-to-human transmission and there are several case reports and experimental studies demonstrating human-to-swine (Howden et al. [@CR18]), swine-to-swine (Vincent unpublished; Lange et al. [@CR28]; Brookes et al. [@CR5]) and swine-to-human transmission (Weingartl et al. [@CR76]). Thus, the 2009 pandemic H1N1, being a virus shared between people and pigs, has the potential to further change the epidemiology of influenza viruses in human and swine populations.

Exceptional Influenza A Subtypes: H2N3 and H4N6 {#Sec8}
-----------------------------------------------

Two H2N3 influenza viruses were isolated in 2006 from clinically affected pigs from two different farms in the central U.S. (Ma et al. [@CR34]). The epidemiologic link identified between the two farms, besides the geographical location, was the use of water collected from open-air ponds for pig drinking water and cleaning the barns. This subtype was not reported in pigs before and has not been identified since. Sequencing demonstrated both viruses were H2N3 influenza A viruses sharing 99.3--99.9% genetic homology. Although the H2N3 viruses contained the typical North American TRIG, the HA segment was similar to an avian influenza virus H2N3 isolated from mallards and the NA sequence was similar to an avian influenza virus H4N3 isolated from blue-winged teal. Importantly, the predicted HA1 protein displayed an amino acid constellation in the receptor binding area suggesting a preferential affinity to the mammalian receptor. This HA mutation resembled that of the initial reassortant human influenza isolates found in the beginning of the 1957 H2N2 pandemic. To investigate the transmission and pathogenesis features of the novel virus, in vivo studies with pigs, mice and ferrets were conducted. Both swine and ferrets were shown to efficiently transmit virus to contact animals; moreover the virus was lethal to young mice. The combined data demonstrating the ability of the H2N3 viruses with a typical avian-origin HA to replicate in three different animal models confirmed adaptation to the mammalian host, indicating a potential risk to the human population. However, serological studies conducted on workers exposed to H2N3 infected pigs showed no evidence of zoonotic transmission (Beaudoin et al. [@CR4]).

A similar scenario was described in October 1999 in a swine farm in Canada. This farm was located near a lake on which large numbers of waterfowl congregate each fall and from which the farm drew water. The source of infection was postulated to have come from ducks on the adjacent lake. Viruses isolated from infected pigs, were shown genetically and antigenically to be wholly avian H4N6 viruses of the North American avian lineage (Karasin et al. [@CR23]). Moreover, the wholly avian H4N6 virus spread from pig-to-pig (Olsen [@CR41]), but has not been detected outside the primary swine farm system. Interestingly, even in this case of a wholly avian virus, the receptor binding pocket of the putative HA protein displayed residues postulated to be associated with mammalian receptor binding (Karasin et al. [@CR23]).

Triple Reassortant Swine Viruses Found Outside North America {#Sec9}
------------------------------------------------------------

China is a major area of swine and poultry production. Influenza virus infection in pigs was first described in 1918 in China coincident, as in other areas of the world, with the Spanish flu pandemic in humans (Brown [@CR6]). It has been documented that four subtypes (H1N1, H1N2, H3N1, and H3N2) are circulating in Chinese pigs (Shu et al. [@CR58]; Guan et al. [@CR17]; Peiris et al. [@CR46]; Xu et al. [@CR77]; Qi and Lu [@CR47]; Qi et al. [@CR48]). Studies from 1976 to 1982 revealed cocirculation of classical swine H1N1 and human-like H3N2 and double reassortant H3N2 viruses containing the surface genes HA and NA from the human viruses and the internal genes from swine H1N1 viruses (Shortridge et al. [@CR56], [@CR57]; Xu et al. [@CR77]). In 1993--1994, avian-like H1N1 viruses were detected in pigs in southern China (Guan et al. [@CR17]). In 2004, a reassortant H1N2 virus containing the NA gene of a human H3N2 and the remaining seven genes of the classical H1N1 swine viruses emerged (Qi and Lu [@CR47]). Recently, interspecies transmission of human H1N1, avian H5N1 and avian H9N2 to pigs has been reported (Peiris et al. [@CR46]; Yu et al. [@CR78]; Zhu et al. [@CR81]). Moreover, recent studies revealed the presence of novel avian-like H1N1strains that seem to be derived from the European swine H1N1 viruses and novel triple reassortant H1N2 carrying the TRIG. These novel triple reassortant viruses have the HA of the classical swine lineage whereas the NA is of human origin (Yu et al. [@CR79]). The epidemiology of influenza viruses in the Chinese swine population is complex and worthy of increased monitoring and reporting.

Currently, at least four different subtypes of swine influenza viruses, classical H1N1, H1N2, H3N1 and H3N2, are circulating in South Korean swine herds with H1N2 being the dominant subtype (Jung and Chae [@CR21]; Shin et al. [@CR54]; Jung et al. [@CR22]; Song et al. [@CR61]). Multiple HA lineages are present for the H1 and H3 subtypes (Pascua et al. [@CR45]). H1N1 viruses currently circulating show the HA is closely related to that of the first H1N2 isolated in South Korea in 2002, A/swine/Korea/CY02/02. However, more recent H1N2 isolates contained HA genes closely related to an H1N2 isolate (A/swine/MN/16419/01) reported in USA. These findings suggest that the HA genes from recent H1N2 viruses originated from viral sources other than the pre-existing H1N2 isolates in Korea, such as those from USA. The phylogeny of the H3 subtype is more complicated. A recent study showed that four different H3 lineages cocirculate in Korean swine. The first lineage displayed an H3 identical to that described in USA in the earliest H3N2 isolates containing the TRIG constellation, A/swine/TX/4199/2/98 (cluster I), whereas the HA gene of the second lineage appeared to be derived from the American cluster III H3N2. Another strain was found to possess an H3 similar to those of the American cluster II H3N2. The remaining lineage contains new emerging reassortant viruses in which the HA gene originated from an earlier human-like isolate (A/NY/647/95). All the viruses characterized from the period 2002--2007 in South Korea were shown to possess the TRIG. Most recently, two H5N2 viruses with the surface glycoproteins from the Eurasian avian lineage were isolated from swine. While the first of the two was a wholly avian virus, the second was a double reassortant between an avian virus (PB1, HA, NA, NS) and a triple reassortant swine H3N1 (PB2, PA, NP, M) (Lee et al. [@CR29]).

The TRIG genome constellation of influenza viruses from Canadian and American pigs has not been described in Europe, whereas recent studies reveal its presence in China and Korea. Many major swine producing regions of the world are under-represented in the influenza genome databases and reports in the literature documenting the status of influenza in swine are likewise limited or absent. However, the global spread of the 2009 pandemic H1N1 carrying a modified TRIG constellation represents a new viral source for the TRIG with an unpredictable consequence to the epidemiology of swine influenza viruses worldwide. Thus, increased and sustainable global surveillance for influenza viruses in swine is needed in order to develop control and prevention programs for swine health as well as rapid detection and reporting of emerging zoonotic influenza threats.

Conclusions {#Sec10}
===========

Currently, up to seven antigenic HA clusters and subtypes are cocirculating in pigs in Canada and the United States: α-, β-, γ-, δ1- and δ2-cluster viruses of the H1 subtype, 2009 pandemic H1N1 and the cluster IV triple reassortant H3N2. The HA of α-, β- or γ-cluster H1 viruses can be paired with either N1 or N2 genes. The N2 was introduced from humans in the 1990s with the H3N2 and is well-established in the swine population. However, δ1- and δ2-subcluster human-like viruses where shown to be preferentially paired with an N1 or N2 genes consistently of human lineage. δ1-subcluster viruses showed an N2 gene preference whereas δ2-subcluster viruses showed an N1 preference.

The key element in understanding influenza virus epidemiology in all of the influenza A viruses resides in the fascinating plastic nature of their genome. Whereas pandemic influenza outbreaks occur following rare antigenic shifts, established influenza viruses perpetually undergo antigenic drift allowing survival in the host population. The 2009 pandemic H1N1 underscores the potential risk to the human population from additional influenza virus subtypes and genotypes with the swine influenza TRIG backbone and demonstrates the potential for viruses with genes from swine lineages to emerge and cause illness in the human population. On the other hand, from the swine industry point of view, pigs have been the victim of human-adapted seasonal influenza viruses, as well as the 2009 pandemic H1N1. Although the 2009 pandemic H1N1 does not pose a greater risk in terms of clinical disease over viruses endemic prior to 2009, its emergence in the swine populations makes influenza control strategies exceedingly difficult. Additionally, there is a concern for the novel pandemic H1N1 virus to pick up or contribute genes of different sources in the swine host, potentially generating further reassortant viruses with potential implications for the human and swine populations. Indeed, a novel reassortant virus has been recently found in pigs in Hong Kong. It was shown to have the NA gene of 2009 pandemic H1N1 origin, the HA gene of the avian-like H1N1 swine isolates, whereas the remaining genes are TRIG-derived (Vijaykrishna et al. [@CR65]). This is the first documented event of reassortment involving the 2009 pandemic H1N1 but not likely the last.
